Abstract. The usability of the clay fraction as one of the criteria in the assessment of liquefaction susceptibility is questionable since year 2001. The use of plasticity index to replace clay fraction as a controlling parameter in the criterion is proposed. This paper aims to compare the usability of different parameter in describing the cyclic behaviour of sand-fines mixtures with various plasticity characteristics. The sand-fines mixtures were reconstituted by mixing clean sand with two types of plastic fines at different percentages by weight, at a standardized ratio of 80% of clean sand with 20% of plastic fines. All soil samples were mixed using the dry tamping method to achieve a constant relative density of 20% throughout the specimen. The soil specimens are tested with stress controlled cyclic triaxial apparatus under consolidated undrained condition, with an effective confining pressure of 100kPa. The soil specimens were considered liquefy when the value of pore pressure is equivalent to the initial cell pressure, resulting zeroes effective stress in soil specimen. The results showed that the liquefaction resistance of the sand-fines mixtures increased as the value of plasticity index increased. The plasticity index is a better indicator to describe the liquefaction susceptibility of sand-fines mixtures compare to clay content, plastic limit and activity.
Introduction
Chinese Criteria [1] is the best known liquefaction susceptibility criteria that established after the 1975 Haichang Earthquake and the 1976 Tangshan Earthquake. The soil is susceptible to liquefaction if the (1) fraction finer than 0.005mm ≤ 15%; (2) liquid limit ≤ 35% and (3) natural water content ≥ 90% of liquid limit. The Chinese Criteria have been modified by several researchers to cope with the deviation caused by the characteristics of the presenting fines in some empirical evidences as summarised in Table 1 . The evolution route of Modified Chinese Criteria was summarized in another companion paper [2] . Modified Chinese Criteria must be reviewed with a wider context, especially the clay fraction as one of the criteria has been questionable [3] . Researchers have now hypothesized that plasticity index may be an accurate indicator in substituting percentage of clay-size particle amount in characterizing liquefaction susceptibility.
Most of earlier laboratory based researches are in a great deal with the effects of fines content toward liquefaction susceptibility, and only a minority of them included the plasticity characteristics of fines in their analysis. Derakhshandi et al [5] performed strain-controlled cyclic triaxial tests and found that specimens with below 20% of plastic fines have higher tendency to be liquefy compare to clean sands due to its water trap ability. Ghahremani and Ghalandarzadeh [6] pointed out that liquefaction resistance is first decreases with additional plastic fines and would then increase when exceeding certain percentages of plastic fines by weight. However, this phenomenon is more related to the theory of threshold fines content as describe by Lade [7] . Seed [8] stated that the sand-fines mixtures with plasticity range less than 10 is liquefiable but Perlea [9] found that the range of plasticity index that susceptible to liquefaction is between the values of 4 to 14. Park and Kim [10] show that under constant fines percentages of 10%, sand-fines mixtures are more liquefiable as plasticity index is increasing. Due to the discrepancy of the various comparison basis used by previous researchers, the investigations on the effect of plasticity characteristics with respect to liquefaction resistance are with contradicting statement. Hence, this study aims to compare the usability of different parameter in describing the cyclic behaviour of sand-fines mixtures with various plasticity characteristics.
Laboratory Testing
The clean sand used to form the sand-fines mixtures in this study is the natural sand obtained from a river in Johor Bahru, Malaysia. The clean sand is uniform medium sand (SP) with specific gravity of 2.63. The sand has sub-angular shape with light brown in colour. Two types of commercially available plastic fines used are (i) the low plastic fines (white kaolin) manufactured by Kaolin (Malaysia) Sdn Bhd and (ii) the highly plastic fines (green bentonite) manufactured by Harliburton (Malaysia) Sdn Bhd. In order to quantify the effect of plasticity on liquefaction susceptibility of sand-fines mixtures, cyclic triaxial test under consolidated undrained conditions were conducted on cylindrical size soil samples with approximately 100 mm height and 50 mm diameter. Five types of sand-fines specimens and the clean sand as the controlling sample were reconstituted using the dry tamping method to achieve a constant density index of 20%. The density index of 20% represent loose state soil, which very vulnerable to liquation. The sand-fines mixtures were mixed by adding two types of plastic fines at five different ratios to the parent sand at a standardized ratio of 80% of clean sand and 20% of plastic fines by weight. Thevayanagam and Martin [11] explained that the addition of fines particles wills primarily infill the intergranular voids between sand grains and then secondly to form metastable grain contacts which will loosen the sand skeleton. The transition behavior from sand dominant to fine dominant is known as threshold fines content (f th ), which normally is located within 20% to 40% of fines content. Therefore, this ratio was chosen because most of the soil samples having their threshold fines content (f th ) at 20% of fines by weight, except sand-kaolin mixtures as shown in Fig. 1 . The physical properties of altogether six types of specimens are presented in Table 2 while the particle size distribution for the sand-fines mixtures is shown in Fig. 2 .
Prior to saturation process, carbon dioxide gases and de-aired water was circulated through the specimens from the bottom drainage line to the top. The saturation was carried out by applying suitable back pressure to a minimum Skempton B-value of 0.95 was obtained. After the saturation process was completed, the specimens were isotropically consolidated to back pressure of 200 kPa, with an initial effective pressure of 100 kPa prior cyclic loading. The cyclic loading was imposed in the form of the sine waveform with a frequency of 0.5 Hz and amplitude of 0.1 kN. The soil specimens were considered liquefy when the value of pore pressure is equivalent to the initial cell pressure, resulting zeroes effective stress in soil specimen.
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Results and Discussion
The typical test results of undrained cyclic triaxial loading tests were plotted in Fig. 3 , particularly the deviator stress and the pore pressure development of clean sand specimen until the initiation of liquefaction. The liquefaction is defined when the value of pore pressure is equivalent to the initial cell pressure, resulting zero effective stress in soil specimen. Generally, additional of plastic materials in the matrix of sand may produce two opposite behaviours: (1) reduce permeability and hence increase the rate of pore pressure build up or (2) development of more cohesive character, thereby increase the liquefaction resistance. In overall, the results of this study show that when the plastic behaviour of the sand-fines mixtures is increasing, the number of cycles required to initiate the liquefaction is also increased. The sand-fines mixtures are more resistant to liquefaction susceptibility if it is more cohesive. 
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The researchers hypothesised that plasticity index may be a more accurate indicator in substituting clay fraction in characterising the liquefaction susceptibility of sand matrix soils. However, the only drawback is the plasticity index of the sand matrix soils would be same regardless the presenting fines within the matrix of sand grain is either 10% or 50% by weight. The colloidal activity that defines as the ratio of plasticity index to clay fraction might solve this discrepancy. Therefore, Fig. 4 shows the number of cycles required to initiate the soil liquefaction for sand-fines mixtures with various comparison basis, including clay fraction, plastic limit, plasticity index and activity. By comparing the value of the coefficient of determination (R 2 ), the usability of different parameters in describing the liquefaction susceptibility of sand-fines mixtures with respect to plasticity characteristics could be observed. Based on the results, it shows that the value of R 2 for plasticity index is the highest while the clay content has the lowest value. This proves that the hypothesis to substitute clay content with plasticity index in describing the effect of plasticity on liquefaction susceptibility of sand-fines mixtures is correct. 
Conclusion
Based on the results of cyclic triaxial test under consolidated undrained condition, it can be concluded that the liquefaction resistance of the sand-fines mixtures increased as the value of plasticity behaviour increased. The plasticity index is a better indicator to describe the liquefaction susceptibility of sand-fines mixtures compare to clay content, plastic limit and activity.
